Saccharomyces cerevisiae
Saccharomyces cerevisiae Hsp104, a hexameric member of the Hsp100/Clp subfamily of AAA؉ ATPases with two nucleotide binding domains (NBD1 and 2), refolds aggregated proteins in conjunction with Hsp70 molecular chaperones. Hsp104 may act as a "molecular crowbar" to pry aggregates apart and/or may extract proteins from aggregates by unfolding and threading them through the axial channel of the Hsp104 hexamer. Targeting Tyr-662, located in a Gly-Tyr-Val-Gly motif that forms part of the axial channel loop in NBD2, we created conservative (Phe and Trp) and non-conservative (Ala and Lys) amino acid substitutions. Each of these Hsp104 derivatives was comparable to the wild type protein in their ability to hydrolyze ATP, assemble into hexamers, and associate with heat-shock-induced aggregates in living cells. However, only those with conservative substitutions complemented the thermotolerance defect of a ⌬hsp104 yeast strain and promoted refolding of aggregated protein in vitro. Monitoring fluorescence from Trp-662 showed that titration of fully assembled molecules with either ATP or ADP progressively quenches fluorescence, suggesting that nucleotide binding determines the position of the loop within the axial channel. A Glu to Lys substitution at residue 645 in the NBD2 axial channel strongly alters the nucleotideinduced change in fluorescence of Trp-662 and specifically impairs in protein refolding. These data establish that the structural integrity of the axial channel through NBD2 is required for Hsp104 function and support the proposal that Hsp104 and ClpB use analogous unfolding/ threading mechanisms to promote disaggregation and refolding that other Hsp100s use to promote protein degradation.
The Saccharomyces cerevisiae chaperone Hsp104 and its bacterial homolog, ClpB, are hexameric members of the Hsp100 subfamily of AAAϩ ATPases, which contain two AAAϩ modules per subunit, each with a nucleotide binding domain (NBD1 and -2).
1 Hsp104/ClpB are necessary for thermotolerance in vivo and function together with Hsp70/DnaK chaperone systems to refold non-native proteins trapped in aggregates (for reviews see Refs. 1-3). Hsp104 has been proposed to act as an ATP-dependent "molecular crowbar" that can pry aggregated proteins apart, permitting other chaperones to gain access to otherwise inaccessible hydrophobic surfaces sequestered in the aggregates, thereby facilitating protein refolding (4) . This proposed mechanism of action is different from that of other members of the Hsp100 family, including ClpA (5), ClpX (6, 7) , and HslU (8) , which form complexes with oligomeric proteases and function to unfold proteins in an ATP-dependent manner for proteolysis. Biochemical and structural analyses (9 -12) indicate that, in these Hsp100s, ATP hydrolysis is coupled to global unfolding of substrates as they are threaded through an axial channel of the Hsp100 oligomer (11, 13, 14) and translocated into the chamber of the associated protease.
Recent data lend support to aspects of the "crowbar" model of Hsp104/ClpB action. Hsp104/ClpB contains a coiled-coil or linker domain that is unique to this subfamily of Hsp100 proteins. Structural analysis of Thermus thermophilus ClpB reveals that this domain forms a two-bladed propeller ringing the exterior of the assembled hexamer (15) . Mutants of TtClpB in which motion of the coiled-coil domain was restricted by the introduction of disulfide bridges could not facilitate protein refolding, although they had normal ATPase activity and assembly properties. Deletion of this domain also compromises Escherichia coli ClpB refolding activity in vivo and in vitro (16) . However, although potential action of the coiled-coil as a crowbar, unique to Hsp104/ClpB, is appealing, direct interaction of this domain with substrate has not been shown, and involvement of a threading/unfolding mechanism, analogous to that used by other Hsp100 proteins, is not ruled out.
Based on the crystal structure of HslU (17, 18) , the aperture of the Hsp100 protein-conducting channel is thought to be modulated by the position of a flexible loop containing a GlyTyr-Val-Gly (GYVG) motif. This loop motif is a conserved feature of Hsp100s with a single AAAϩ module (Class 2) and in the second AAAϩ module of Hsp104/ClpB and other Hsp100s with two AAAϩ modules (Class 1) (see Fig. 1A ). The deployment of the GYVG loop within the channel is fine-tuned by the nucleotide-bound status of HslU (19) . A mechanistic model for HslU protein remodeling was proposed whereby the unfolding of a substrate protein by the "I" domains, a structural element that projects toward the substrate entry side of the HslU hexamer, is synchronized with the constriction and dilation of the axial channel determined primarily by the position of the GYVG loop (19) . During cycles of ATP binding and hydrolysis an extended polypeptide in the channel would be transiently arrested and released producing a net motion toward the exit side of the axial channel and into the entry pore of the HslV proteolytic complex.
To determine if the axial channel plays a significant role in Hsp104-mediated disaggregation and refolding, we constructed novel Hsp104 mutants with conservative and non-conservative amino acid substitutions in the Tyr residue of the GYVG motif (Tyr-662). The non-conservative substitutions (Y662A and Y662K) abolish the ability of Hsp104 to refold aggregated protein in vitro and to provide thermotolerance in vivo, although assembly of the hexamer and basal ATPase activity were essentially unimpaired. In contrast, when Tyr-662 was replaced with other aromatic amino acids (Y662W and Y662F) Hsp104 was functional, providing levels of thermotolerance close to that of the wild type protein. Trp-662 then served as a unique fluorescent probe for nucleotide-driven conformational changes within the Hsp104 axial channel. Another substitution in the axial channel, Glu-645 to Lys, also specifically impaired Hsp104 function in refolding and thermotolerance and affected the fluorescence signal obtained from Trp-662. In total, these results strongly support the idea that the functions of Hsp100s in either disaggregation or protein degradation share a common mechanism involving the axial channel.
MATERIALS AND METHODS

Hsp104
Mutagenesis-To create the E645K mutation, two segments of DNA were amplified from a pBSKII ϩ cloning vector containing the SalI/SpeI segment of Hsp104b (20) using a T7 promoter primer together with the primer E645K(A) and a T3 promoter primer together with E645K(B) ( Table I ). The PCR product from the (A) primer pair was digested with SalI and HindIII and from (B) with SpeI and HindIII and were ligated together into SalI/SpeI-digested pBSKII ϩ. The assembled DNA segment was excised from the vector with SalI and SpeI. Y662X (where X ϭ A, K, F, and W) mutants were made by amplifying the same plasmid with the indicated primers together with a T7 promoter primer. PCR products were digested with KpnI and SpeI for subcloning. The Y257A mutation was constructed by the QuikChange (Stratagene) method using the pBSKII ϩ cloning vector containing the EagI/SacI segment of Hsp104 and primers Y257A(A) and Y257A(B). Mutagenized plasmids were screened for the presence of a StyI site. The expected sequences of all HSP104 segments were confirmed by DNA sequencing and were subcloned into pLA28SX104b (pRS313 backbone (21) ; CEN/ ARS, HIS3, Gal1-10 promoter) for expression in yeast.
Protein Purification-DNA segments encoding full-length Hsp104s were subcloned into pPROEX-HT-b (Invitrogen) that adds an N-terminal 6-His tag followed by a tobacco etch virus (TEV) protease cleavage site. Proteins were expressed in BL21Codon Plus cells (Stratagene). His-tagged Hsp104 was isolated by chromatography on nickel-nitrilotriacetic acid (Qiagen). Pooled peak fractions were digested by TEV protease (Invitrogen) to remove the tag and the protein was re-applied to nickel-nitrilotriacetic acid. The flow-through fraction was further purified by anion exchange chromatography. Peak fractions were analyzed by SDS-PAGE, pooled, and dialyzed into buffer A (20 mM TrisHCl, pH 8.0, 100 mM NaCl, 10 mM MgCl 2 , 2 mM EDTA, 10% (v/v) glycerol) and frozen at Ϫ80°C. Recombinant human Hsp70 and yeast Ydj1 were purified as described previously (4, 22) .
Quantitative Thermotolerance Assays-YPH499⌬104 (MATa, ura3-52, lys2-801, ade2-101, trp1-⌬63, his3-⌬200, leu2-⌬1, hsp104::LEU2), transformed with low copy number vectors for the galactose-inducible expression of Hsp104, were grown to saturation in complete synthetic medium lacking histidine (CSM; Bio101), supplemented with 2% glucose, and diluted into the same medium supplemented with 2% galactose, 0.1% glucose for growth to mid-log phase (ϳ2 ϫ 10 6 cells/ml). After a pre-treatment at 37°C for 1 h, 1 ml of the culture was transferred to pre-warmed sterile glass tubes in a 50°C water bath. Aliquots of cells were removed at various time points, and the appropriate dilutions were plated onto rich medium (YPD, consisting of 1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose) and incubated at 30°C for 2-3 days. Survival was calculated as the number of colonies formed by 50°C-treated cultures at each time point compared with those that had received only the pre-treatment.
Western Blot Analysis of Hsp104 Expression-1 ϫ 10 8 cells were harvested by centrifugation and resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 1 mM EDTA, pH 8.0) containing protease inhibitors and transferred to 1.5-ml microcentrifuge tubes. Glass beads (0.5 mm; Biospec Products) were added, and the cells were broken on a mixer (Model 5432, Eppendorf) operating at 4°C for 45 min. Cell debris was removed by centrifugation at 16,000 ϫ g for 10 min. After separation by SDS-PAGE on 6 -20% gels, proteins were transferred to polyvinylidene difluoride. Hsp104 was detected with a rabbit polyclonal antibody. Immunoreactive bands were visualized by enhanced chemiluminescence (Amersham Biosciences) recorded on a Versadoc imaging system (Bio-Rad). Equal loading of protein was ensured by Coomassie Blue staining of duplicate SDS-PAGE gels.
Analytical Gel Filtration-Proteins were analyzed on a 1 ϫ 30 cm Superose 6 column (AP Biotech) in a buffer consisting of 50 mM TrisHCl, pH 8, 20 mM NaCl, 10 mM MgCl 2 , and 2 mM DTT. The protein content of each 0.4-ml fraction was determined by a dye binding microassay (Bio-Rad) using bovine serum albumin as a standard. To determine the elution profile of unassembled Hsp104, a sample of the wild type protein was chromatographed in the same buffer with 200 rather than 20 mM NaCl.
Refolding Assays-Firefly luciferase (FFL; Promega) was denatured in refolding buffer (25 mM HEPES-KOH, pH 7.5, 150 mM potassium acetate, 10 mM magnesium acetate, and 10 mM DTT) containing 8 M urea for 30 min at 30°C. The unfolded protein was rapidly dispersed into ice-cold refolding buffer, aliquoted into pre-cooled tubes, flash frozen in liquid N 2 , and stored at Ϫ80°C. Frozen, aggregated FFL was thawed on ice immediately before use. Refolding reactions contained refolding buffer, 5 mM ATP, an ATP-regenerating system consisting of 20 mM phosphocreatine, 0.02 unit of phosphocreatine kinase, and 2.5 M each of Hsp104, recombinant human Hsp70, and recombinant yeast Ydj1. After 90 min of refolding at 25°C, duplicate 1-l aliquots were dispersed into luciferase assay reagent (Promega), and light emission was recorded in a luminometer (Lumat LB 9507, EG&G Berthold).
ATPase Assays-All reaction components were equilibrated at 25°C for 4 min prior to the initiation of each reaction by the addition of 25 l of ATP to 2 g of protein in 25 l of 20 mM HEPES-KOH, pH 7.5, 20 mM KCl, 10 mM MgCl 2 , 2 mM EDTA, 2 mM DTT. After 1 min reactions were stopped by the addition of 100 l of Malachite green followed after 1 min by 12.5 l of 34% (w/v) citric acid. Absorbance at 620 nm was determined in a microtiter plate reader (Molecular Devices). All activities were determined through the linear range of ATP hydrolysis, and all measurements were corrected for phosphate present in reactions containing ATP alone.
Fluorescence Spectroscopy-Hsp104 fluorescence was analyzed as 
5Ј-CTTCGAAATCACCTTTGGCCTTGGCACCTGCGGTTAATGC-3Ј previously described (23) . All solutions were filtered (0.22 m) or centrifuged (16,000 ϫ g for 10 min) to remove particulate matter, and all titrations were carried out at 4°C to limit ATP hydrolysis. Proteins were dialyzed against 20 mM HEPES-KOH, pH 7.5, 20 mM NaCl, and 10 mM MgCl 2 for 4 h prior to use. Protein concentration was determined by UV absorbance at 276 nm (⑀ ϭ 31 900 M Ϫ1 cm Ϫ1 ). Emission was measured at 346 nm at 4°C using a SPEX Fluorolog-3 (Jobin-Yvon), with an excitation wavelength of 295 nm and a 5-nm bandpass. Nucleotide was titrated into a 1.5 M protein solution from a stock solution (20 mM for ATP, 2 mM for ADP). After each addition the mixture was equilibrated with stirring for 5 min before reading. Buffer-subtracted fluorescence was corrected for dilution by nucleotide addition and the inner filter effect. Data were fitted to a single-site Hill equation for cooperative binding using MacCurveFit. Each curve is the average of three independent titrations.
Fluorescence Microscopy-For expression of Hsp104, mutant DNA segments were subcloned into a vector based on pLA28SX104b with an N-terminally fused GFP domain. Cells expressing GFP-Hsp104 fusion proteins were cultured as described for thermotolerance experiments. Mid-log phase cultures were shifted from 25°C to 37°C for 1 h. Live unfixed cells were examined before and after heat shock with a standard epifluorescence microscope (Axioskop 2, Zeiss) equipped with a 100ϫ, 1.4-numerical objective. Images were recorded with a chargecoupled device camera (Spot Jr., Diagnostic Instruments). a conserved Tyr residue (Tyr-257 in Hsp104) that we speculated might have a function analogous to the GYVG Tyr in NBD2.
RESULTS
Role of Conserved Tyrosine Residues in
To probe the importance of both Diaphragm 1 and Diaphragm 2 in Hsp104 function we replaced Tyr-257 and Tyr-662 with Ala. Each residue was important for Hsp104 biological function, because neither Hsp104 Y257A nor Hsp104
Y662A
provided wild type levels of thermotolerance (Fig. 1B) , although Western blot analysis of cell extracts indicated that Hsp104 Y257A and Hsp104 Y662A were expressed at the same level as the wild type protein (Fig. 1C) . However, the degree of impairment was significantly different. Survival of Hsp104
Y662A -expressing cells, in which the replacement modifies the GYVG motif in NBD2, was no better than cells lacking Hsp104 altogether. In contrast, the survival of Hsp104
Y257A
was reduced only about 10-fold relative to cells expressing the wild-type protein. We therefore focused further analyses on the GYVG motif and axial channel of NBD2.
To characterize the functional consequences of further amino acid substitutions at Tyr-662, we replaced Tyr with other aromatic amino acids (Y662W and Y662F) and an additional nonconservative substitution (Y662K). We also constructed an Hsp104 variant (Hsp104 E645K ) analogous to an AtHsp101 encoded by the hot1-1 allele that profoundly impairs the acquisition of thermotolerance in Arabidopsis thaliana (25) (Fig. 2A) (Fig. 2C) . The refolding activity of Hsp104 E645K was severely impaired but not completely eliminated. Thus, the ability of each derivative of Hsp104 to refold aggregated protein in vitro correlated well with its ability to confer thermotolerance in vivo.
Many amino acid substitutions in the second AAAϩ module of Hsp104 impair the assembly of Hsp104 (26, 27) . Because intersubunit contacts between AAAϩ modules are critical for the constitution of fully functional ATP binding sites, impaired assembly simultaneously impairs ATPase activity of Hsp104. Two lines of evidence indicated that neither of these biochemical properties was significantly altered by the amino acid substitutions in the axial channel that impair thermotolerance or protein refolding. First, all Hsp104 mutants were assembled into hexamers indistinguishable from Hsp104
WT when analyzed by gel filtration chromatography (Fig. 2D) . Second, although we detected slight differences in the kinetics of basal ATP hydrolysis among the Hsp104 derivatives (Table II) , these differences were neither severe nor correlated with their ability to refold protein or to provide thermotolerance. Thus Hsp104 E645K , Hsp104
Y662A
, and Hsp104 Y662K represent a novel type of Hsp104 mutant that is specifically impaired in protein refolding. The data with respect to the properties of Hsp104 Y662A are consistent with the observation that HslU, in which the GYVG Tyr (Tyr-91) is replaced with Gly, has normal ATPase activity and assembly properties but is specifically impaired in protein degradation (28) . In a more recent report, the analogous E. coli ClpX Y153A mutant was reported to be likewise specifically impaired in the degradation of proteins (29) .
To ask whether amino acid substitutions in NBD2 that impair protein refolding might also impair the stable interaction of Hsp104 with its targets in living cells, we examined the localization of GFP-Hsp104 fusion proteins in unstressed and heat-shocked yeast (Fig. 3) . At the level of light microscopy, we have recently shown that Hsp104 is diffusely distributed in unstressed cells but forms a small number of intense cytosolic foci in mildly heat-shocked cells. 2 This observation is consistent with previous immunoelectron microscopy showing that Hsp104 accumulates at the periphery of electron-dense aggregates in heat-shocked cells but remains diffuse in the absence of aggregates (30) . We also demonstrated that derivatives of Hsp104 that do not oligomerize remain diffuse in heat-shocked cells suggesting that hexamer formation is at least one determinant of a stable interaction between Hsp104 and its thermally aggregated targets in cells. 2 Therefore, Hsp104-GFP fusion proteins can be used to test for association of Hsp104 with cellular substrates. For all of the axial channel mutants, the Hsp104-GFP fusion proteins displayed the same pattern of subcellular distribution as the wild type fusion protein. Thus, these results suggest that disabling mutations in the NBD2 axial channel impairs the processing of Hsp104 targets for disaggregation and refolding but is not required for substrate recognition and initial binding.
Tryptophan Fluorescence Reveals Nucleotide-dependent Diaphragm Movement-Because Hsp104 contains no naturally occurring Trp residues and Hsp104
Y662W functions well in thermotolerance and protein refolding, we used Y662W as a fluorescent probe to monitor local changes in the environment of the GYVG loop in response to nucleotide binding. Given the similarity between biochemical and biological properties of Hsp104 E645K and Hsp104 with disabling substitutions in the GYVG Tyr residue, we further speculated that impairment of protein refolding in Hsp104 E645K might be associated with perturbations in the structure or dynamics of functional elements in the Hsp104 axial channel. We therefore constructed a doubly substituted Hsp104 E645K/Y662W to test this possibility. To distinguish nucleotide-induced conformational changes associated specifically with the axial channel from other, more global effects of nucleotide binding on Hsp104 structure, we used as a control a previously characterized mutant, Hsp104
Y819W in which the unique Trp is situated in small domain of AAAϩ module 2 (SD2) of Hsp104 on the exterior of the hexamer and whose fluorescence is influenced solely by nucleotide binding at NBD2 (23) .
As previously observed (23), nucleotide binding enhanced the fluorescence of Hsp104 Y819W (Fig. 4A ). Dissociation constants (K d ) derived from ADP and ATP titration curves corroborated the finding (23) that the affinity for ADP binding by NBD2 was about 6-fold higher than for ATP binding (Table III) . Parallel experiments with the double Hsp104 E645K/Y819W mutant demonstrated that E645K confers a slight increase in the affinity of NBD2 for ATP, and a decrease in the affinity for ADP but does not significantly influence the degree of nucleotide-dependent fluorescence changes in Trp-819 at saturating concentrations of nucleotide.
In contrast to Hsp104 Y819W the fluorescence of Hsp104
Y662W
was quenched upon titration with either ATP or ADP (Fig. 4B) . Dissociation constants for ATP and ADP binding were roughly the same for the two different Trp probes suggesting that the local environment of Trp-662, like that of Trp-819, is determined by nucleotide binding to NBD2 (Table III) . The Hill coefficients determined by fitting titration curves to a single site Hill equation indicated that the Y662W substitution impaired the cooperativity of ATP but not ADP binding. Most importantly the fluorescence of Trp-662 probe was significantly influenced by the second disabling amino acid substitution, E645K. In the presence of E645K, the fluorescence of Trp-662 was higher (less quenched) at saturating concentrations of ATP and lower (more quenched) at saturating concentrations of ADP than in the otherwise wild type protein. Even though E645K specifically influences fluorescence changes in Trp-662 upon nucleotide binding, we measured the ratio between fluorescence at 346 nm and absorbance at 280 nm to determine if E645K also influences the fluorescence of the Trp residue in the absence of bound nucleotide. Indeed, E645K increased the fluorescence of both Trp-662 and Trp-819 by about 11% above that of the otherwise wild type protein (Table III) indicating the possibility that E645K perturbs the global structure of AAAϩ module 2 Hsp104 in addition to influencing the dynamics of the GYVG loop.
DISCUSSION
Several lines of experimental evidence have established that Hsp100s that form complexes with proteases unfold their targets and deliver them into the proteolytic chamber by threading the extended polypeptide through the axial channel formed by the Hsp100 oligomer (9, 12, 31) . We examined the possibility that Hsp104 uses an analogous mechanism during extraction of misfolded proteins from aggregates by examining the role of specific residues in the axial channel of Hsp104 in protein refolding and thermotolerance. Three novel observations from our study support this hypothesis. First, non-conservative substitutions of Tyr in the GYVG motif of NBD2 result in a specific defect in protein refolding, while not substantially affecting other biochemical features of Hsp104, including assembly, ATP hydrolysis, and substrate recognition. These observations are consistent with the effects of similar substitutions in the GYVG 2 J. M. Tkach and J. R. Glover, submitted for publication. motifs of ClpX and HslU on ATP-dependent protein degradation (28, 29) . Second, using unique Trp residues as fluorescent probes, we find that the local environment of Trp-662 in the GYVG axial channel motif is strongly influenced by nucleotide binding to NBD2, as is seen with the repositioning of the GYVG loop in different nucleotide-bound states of HslU (19) . Third, a different amino acid substitution, E645K, also specifically inhibits protein refolding and strongly influences fluorescence quenching of Trp-662 in the GYVG loop in response to nucleotide binding at NBD2.
The strongest evidence that positioning of the flexible GYVG loop regulates the aperture of the Hsp100 axial channel comes from crystal structures of HslU (17, 19) . Recently published structures of other Hsp100s, including ClpX (32), ClpB (15) , and ClpA (24), reveal many important details related to Hsp100 structure and function even though none were crystallized in the biologically relevant hexameric state. Nonetheless, the GYVG loop of ClpX (32) and the Diaphragm 1 or Diaphragm 2 regions of ClpB were unstructured (15) , indicating that these segments are indeed flexible. In the ClpA structure, the Diaphragm 1 region was only partially structured, but the GYVG motif was sufficiently rigid to trace entirely (24) . In the case of Diaphragm 2 of ClpA, stabilization of the flexible region may be due to the presence of a structural magnesium ion in the crystallized protein. It is plausible that this structural magnesium is not a feature of functional ClpA but that its presence artifactually stabilizes and distorts the structure of the ClpA GYVG motif. With this notable exception, the available structural data suggest that Hsp100 NBD domains contain flexible regions that could act in a dynamic and coordinated fashion to attenuate the aperture of the axial channel.
We found that Hsp104 Y257A was significantly impaired in thermotolerance but not as dramatically as Hsp104 Y662A . In a previous study, using a semi-quantitative assay for thermotolerance, no impairment in the function Hsp104
Y257W was detected (33 Y257A , we focused our detailed analysis on the Diaphragm 2 region of Hsp104. We used Trp fluorescence as a means of monitoring dynamic changes in the physical environment of the GYVG motif in response to nucleotide binding. Fluorescence changes in Hsp104 Y662W suggest that, in the absence of nucleotide, Trp-662 is at least partially shielded from solvent, possibly indicating that the GYVG loop is positioned close to the walls of the axial channel. Upon either ATP or ADP binding the GYVG apparently moves to a different position that places the Trp residue in a more solvent-exposed environment, probably into the aqueous environment of the axial channel. We cannot exclude the possibility that the close proximity of six Trp residues deployed in the axial channel contributes to the fluorescence signal of the Hsp104 Y662W mutant. In fact, the slightly impaired thermotolerance and refolding functions and diminished cooperativity of ATP binding to NBD2 we detected in Hsp104
Y662W suggest that the substitution of Tyr-662 with somewhat bulkier Trp residues in the GYVG loop is not completely benign. However, the finding that Hsp104 E645K has essentially the same biochemical properties as Hsp104 Y662A and Hsp104 Y662K , including a specific refolding defect, combined with the finding that E645K specifically perturbs the nucleotide-dependent positioning of the GYVG Trp probe, lend additional support to the idea that the structural integrity of the Hsp104 axial channel and the dynamic nature of the GYVG motif is important for Hsp104 function.
Hsp100s that target proteins for degradation interact with their protease partner complex through specific motifs located in the small domain of the AAAϩ module (AAAϩ module 2 in the case of ClpA). This architecture imposes an obligatory directionality to protein translocation that would proceed, in the case of ClpA, from AAAϩ module 1 to AAAϩ module 2 that contains the GYVG motif (14) . Assuming that this directionality is a conserved feature of the Hsp100 common mechanism, aggregated substrates would be initially encountered by AAAϩ module 1 of Hsp104 and extruded from the hexamer through an exit pore in AAAϩ module 2. Because the Hsp104 variants that we studied in detail are impaired by amino acid substitutions associated with exit side of the protein-conducting channel, we did not anticipate that substrate recognition by AAAϩ module 1 would be impaired. This was borne out by the finding that relocalization of GFP-Hsp104 fusion proteins in response to mild heat shock was essentially the same for each protein irrespective of its ability to subsequently process proteins for refolding in vitro.
Our results do not imply that the functions of the two AAAϩ modules in Hsp104 are completely independent. Recently a case has been made for the allosteric regulation of the ATPase activity in Hsp104 NBD1 by nucleotide binding to NBD2 (34) , suggesting a means whereby distinct functions of the two NBDs could be coordinated. Based on the observation that ATP hydrolysis at NBD2 is much slower than at NBD1 and that the affinity of NBD2 for ADP is severalfold higher than for ATP, it was proposed that NBD2 remains in the ADP-bound state for prolonged periods of time during which the ATPase activity of NBD1 is stimulated. Another intriguing observation is that the rate of ATP hydrolysis at NBD1 is stimulated by the interaction of poly-L-lysine with the Hsp104 C-terminal acidic tail and inhibits the refolding of aggregated FFL (33) . Originally it was proposed that poly-L-lysine mimics the surface of large protein aggregates suggesting that aggregate recognition is a function of the acidic C-terminal tail of Hsp104. However, others find that the poly-Llysine simultaneously stimulates the ATPase and disaggregation activity of ClpB even though prokaryotic Hsp104 orthologs lack the acidic C terminus (35) . Alternatively, we speculate that poly-L-lysine binding to Hsp104 might mimic an interaction between the C-terminal tail of Hsp104 and unfolded polypeptides exiting the axial channel. By this means, translocation intermediates could also act as allosteric effectors of ATPase hydrolysis at NBD1 and thus stimulate the processive unfolding of target proteins or their extraction from aggregates.
Finding that a major refolding pathway for Hsp104-dependent reactions involves critical elements in the axial channel of the protein supports the unfolding/threading or "molecular ratchet" model of Hsp104-mediated disaggregation (2) but does not exclude the possibility that Hsp104 simultaneously acts as a "molecular crowbar" as a means of exposing chaperone binding sites in protein aggregates. However, because we detected no residual protein refolding in reactions containing Hsp104 Y662A or Hsp104 Y662K , we must assume that these mutants simultaneously impair both processes, or that misfolded proteins or small aggregates released by the crowbar action of Hsp104 perhaps mediated by the coiled-coil domains in AAAϩ module 1 (15) , are further processed for refolding in a manner that depends on the integrity of the axial channel. Intriguingly, two different mutations in the GYVG loop of AtHsp101 were found as intragenic suppressers of a missense mutation in the coiled-coil domain that dominantly inhibits hypocotyl elongation in A. thaliana seedlings at high temperature. 3 In this case, the gain-of-function of AtHsp101 with an altered coiled-coil domain appears to require a functional GYVG loop apparently linking the function of these two structural features.
Future research will focus not only on reconciling the diverse observations derived from structure and function analyses of Hsp104/ClpB itself but will also elucidate how the Hsp104/ ClpB-mediated disaggregation is coupled to the Hsp70 chaperone machinery forming a so called "bichaperone network" (36) . An attractive feature of the unfolding/threading model of Hsp104 function is, rather than partially folded, partially aggregated proteins that are expected to be produced by a crowbar mechanism, the end product of the disaggregase would be extended polypeptide chains that are ideal substrates for Hsp70 binding (37) . Although it is conceivable that the disaggregase and refolding components of the bichaperone network function entirely independently, a physical association between the components is an appealing notion. An interaction with T. thermophilus ClpB and DnaK has been recently reported (38) . Although the site of DnaK binding was not established in these studies, logic dictates that direct channeling of substrates from ClpB to DnaK would be rendered most efficient if DnaK were situated near the exit pore in the C-terminal AAAϩ domain.
Indeed the yeast homolog of Hop (Hsc70-Hsp90-organizing protein), Sti1, has been found in association with the extreme C-terminal segment of Hsp104 (39) . Even more recently it has been reported that Sti1 also stimulates the ATPase activity of Ssa1 (yeast cytosolic Hsp70) by about 200-fold (40) . The significance of these interactions with respect to the function of Hsp104 has yet to be established. However, one exciting possibility is that Sti1, which has two TPR domains that bind acid C-terminal motifs, may interact simultaneously with both Hsp104 and Ssa1. Thus Sti1 could function as a scaffold tethering yeast Ssa/Hsp70s to the C terminus of Hsp104 where they would be well positioned to interact with extended polypeptides as they are extruded from the disaggregase. Although Sti1 is not obligatory for Hsp104-dependent refolding in an in vitro system composed of purified components, it may be important under some conditions for the efficient reactivation of critical thermolabile targets in vivo.
